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ABSTRACT 
A HIGH-RESOLUTION TEMPERATURE RECORD FROM LAKES OF THE 
LOFOTEN ISLANDS, NORTHWESTERN NORWAY BASED ON A NEW U37
K  
TEMPERATURE CALIBRATION FROM IN SITU MEASUREMENTS 
 
SEPTEMBER 2011 
 
XIAOHUI HUANG, B.S., TONGJI UNIVERSITY 
 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professor Raymond S. Bradley 
 
 
The temperature-sensitive lipids, long chain alkenones (LCAs), are considered to 
be a powerful paleothermometer in deciphering the variability of sea surface temperature 
(SST) through time. Recent studies suggest a great potential of LCAs for quantitative 
reconstruction of past continental climate. We conducted the first survey for alkenone 
biomarkers in four lakes in the Lofoten Archipelago, northwestern Norway. Water filters 
and sediment trap samples were collected weekly from late May to early September 2009 
from these four lakes, and were used to explore the applicability of the alkenone 
unsaturation index (U37
K ) for temperature reconstruction in limnic systems in this area. 
For the first time, we observed the occurrence of LCAs within the water columns of lakes 
in this region. Among those surveyed, Storvatnet and Vikvatnet contained alkenones in 
both water filters and sediment trap samples, but the alkenones were restricted to spring 
turnover and disappeared with the onset of summer stratification. Sediment trap samples 
from Vikvatnet were used to quantify the relationship between temperatures and 
alkenone unsaturation index. These results indicate that alkenones in lake sediments of 
these lakes reflect biological production and temperature during lake mixing, which takes 
 vii 
 
place in late spring to early summer. Measurements from sediment trap material collected 
over the sampling season combined with water temperature measurements from 
automated data loggers provide an in situ calibration of the alkenone paleothermometer 
( Temperature  33.0*U37K  22.8, R2=0.95, N=10). Notably, this calibration reveals a U37K  
sensitivity to temperature (i.e., the slope of the relationship) that is very similar to 
previous calibrations reported from both marine and lacustrine environments. LCAs can 
therefore serve as the first quantitative proxy for reconstructing past temperature 
variability from lake sediments in the Lofoten Islands.  
Analyses of U37
K  in a sediment core from the center of Vikvatnet have been made 
on an approximately 20 years sample interval over the last millennium. The U37
K  record 
suggests that following a relative constant lake surface temperature (LST) stage over the 
first half of the last millennium, LST continually increased from ~1500 AD to ~1800 AD. 
As seen in tree-ring records from the coast of northern Norway (69° N) and instrumental 
data, a dramatic cooling took place over the entire 19th century with a minimum at ~1900 
AD. This cooling may be partly attributed to the “Little Ice Age” (LIA) over Scandinavia 
where glacier front variations and temperature records suggest that LIA lasted until 
~1920 AD. Following this cooling, LST rose at an unprecedented rate and became 
exceptionally warm after the 1950s, for most part in agreement with the Northern 
Hemisphere temperature instrumental record. 
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CHAPTER 1 
INTRODUCTION 
 
Climatic changes resulting from greenhouse gases will be superimposed on 
natural climatic variations (Bradley and Jones, 1993). The instrumental data for use in 
computing global mean surface temperature are only available for about the past 150 
years (Jones et al., 1999), and show the exceptional warmth of the late-20th century. If we 
are to explore the causes of this warmth, it is important to place this recent warming in a 
longer-term context to understand the background of natural variability underlying 
anthropogenic climate change. High-resolution proxy records of past climate based on 
tree rings, corals, ice cores and lake sediments have been used to extend our perspective 
on regional and hemispheric changes back in time by approximately 1,000 years (Jones et 
al., 1998; Mann et al., 1999; Crowley and Lowery, 2000; Jones et al., 2001; Folland et 
al., 2001). These reconstructions support the conclusion that late-20th century warmth 
was unprecedented over at least the past millennium (Figure 1.1).  
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Figure 1.1 Variations of the Earth’s surface temperature over the last 140 years and 
the last millennium. (a) Combined annual land-surface air and SST anomalies (°C) 
1861 to 2000, relative to 1961 to 1990. Two standard error uncertainties are shown 
as bars on the annual number. (b) Millennial Northern Hemisphere (NH) 
temperature reconstruction (blue-tree rings, corals, ice cores, and historical records) 
and instrumental data (red) from AD 1000 to 1999. Smoother version of NH series 
(black), and two standard error limits (gray shaded) are shown. (Adapted from 
Folland et al., 2001) 
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Modeling and statistical studies (Crowley, 2000; Gerber et al., 2002; Bauer et al., 
2003) agree well, for the most part, with proxy-based reconstructions (Jones et al., 1998; 
Mann et al., 1999; Crowley and Lowery, 2000) (Figure 1.2). These simulations indicate 
that late-20th century warmth cannot be fully explained by natural factors (Crowley, 2000) 
and that an anthropogenic influence on climate changes can be clearly detected (Hegerl et 
al., 2003) (Figure 1.3). Considering that atmospheric CO2 concentration is now higher 
than at any time in (at least) the last 800,000 years (Petit et al., 1999; Raynaud et al., 
2000), and that it is predicted to double within the next century, the climatic and 
environmental changes of the last millennium may be trivial compared to those in the 
near future. Climate modeling experiments predict a global warming of about 3°C during 
the next century and that warming of the high northern latitudes may be as much as twice 
the global mean depending on the future emissions of greenhouse gases (IPCC, 2007). 
However, key features, such as regional very hot or cool summers and very mild or cold 
winters, may be masked in hemispheric and global temperature reconstructions 
(Luterbacher et al., 2004) (Figure 1.4). Extremes at regional scales may be larger in 
amplitude than extremes at the global scale. Because the extremes at regional scales 
markedly influence local to regional natural environment, society and economy (e.g. 
water supply, agriculture), studies of regional climate variability are important. To 
improve the predictions of future climatic changes at regional and global scales, it is 
necessary to understand how climates have varied in the past, especially in the last few 
centuries. Therefore, regional and temporal high-resolution reconstruction studies are 
needed.   
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Figure 1.2 Comparison of proxy-based NH temperature reconstructions (Jones et al., 
1998; Mann et al., 1999; Crowley and Lowery, 2000) with model simulations of NH 
mean temperature changes over the past millennium based on estimated radiative 
forcing histories (Crowley, 2000; Gerber et al., 2002--results shown for both a 
1.5oC/2*CO2 and 2.5oC/2*CO2 sensitivity; Bauer et al., 2003). Also shown are two 
independent reconstructions of warm-season extratropical continental NH 
temperatures (Briffa et al., 2001; Esper et al., 2002) and an extension back through 
the past two thousand years based on eight long reconstructions [Mann and Jones, 
2003]. All reconstructions have been scaled to the annual, full Northern Hemisphere 
mean, over an overlapping period (1856-1980), using the NH instrumental record 
(Jones et al., 1999) for comparison, and have been smoothed on time scales of >40 
years to highlight the long-term variations. The smoothed instrumental record 
(1856-2000) is also shown. The gray/red shading indicates estimated two-standard 
error uncertainties in the Mann et al. (1999) and Mann and Jones (2003) 
reconstructions. Also shown are reconstructions of ground surface temperatures 
(GST) based on appropriately areally-averaged (Briffa and Osborn, 2002; Mann et 
al., 2003) continental borehole data (Huang et al., 2000), and hemispheric surface 
air temperature trends, determined by optimal regression (Mann et al., 2003) from 
the GST estimates. All series are shown with respect to the 1961-90 base period. 
(Adapted from Mann et al., 2003) 
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Figure 1.3 Detection results for the updated Crowley and Lowery (2000) 
reconstruction of decadal Northern Hemispheric mean temperature (north of 30N, 
calendar year average). Upper panel: Paleo reconstruction (black) compared to the 
instrumental data (grey) and the best estimate of the combined forced response 
(red), middle panel: response attributed to individual forcings (thick lines) and their 
5 – 95% uncertainty range (thin lines), lower panel: residual variability attributed 
to internal climate variability and errors in reconstruction and forced response. An 
asterisk ‘‘*’’ denotes a response that is detected at the 5% significance level. 
(Adapted from Hegerl et al., 2003) 
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Figure 1.4 Temporal histories of nine temperature-sensitive proxy records, chosen 
to illustrate a variety of proxy types, NH locations and spatial and seasonal 
representation. All series have been smoothed with a 40-year low-pass filter, then 
normalised so that the filtered series have unit standard deviation over 1251– 1980 
(when all series have data) and the unfiltered series (to avoid edge effects of the 
filter) have zero mean over 1961–1990 (to facilitate comparison with Figure 1.2). 
Series have been offset by steps of 7 standard deviations for display purposes. Blue 
(red) shading indicates filtered values below (above) the 1961–1990 means (the latter 
are shown by thin horizontal lines). Original sources for each series are: “Western 
US” (Mann et al., 1999); “Chesapeake Bay” (Cronin et al., 2003); “W. Greenland” 
(Fisher et al., 1996); “Tornetrask” (Grudd et al., 2002); “Low Countries” (van 
Engelen et al., 2001); “Yamal” (Hantemirov and Shiyatov, 2002, reprocessed in 
Briffa, 2000); “Taimyr” (Naurzbaev et al., 2002); “Mongolia” (D’Arrigo et al., 2001); 
“China” (Yang et al., 2002). (Adapted from Mann et al., 2003) 
 
So far, only a few high-resolution reconstructions of the late Holocene climate 
variability have been carried out due to the weakness of the existing climate proxies, 
especially in the highly variable continental realm. Most carbonate or biological based 
proxies applied to continental climate reconstructions are potentially confounded by 
changes in hydrology (Ito, 2001). For example, speleothem 18O is affected by 
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temperature, precipitation, source water evaporation, water vapor trajectory, etc. and 
chironomids are potentially influenced by salinity, temperature, hydrology, and nutrients 
(Porinchu and MacDonald, 2003). Problems limit other proxy indicators as well. Oxygen 
and hydrogen isotope ratios have geographically limited applicability because only 
oxygen and hydrogen isotope ratios from ice cores are available as temperature 
indicators, although attempts have been made to evaluate the changes in D and 18O in 
peat and in silica from diatoms. Chironomid-based methods are primarily useful in 
shallow, oxic, and typically short-lived systems (Walker, 2001).  Clumped isotope 
thermometry (Ghosh et al., 2006) is only possible in systems that preserve carbonate, 
while noble gas temperature records are severely limited by their low temporal resolution 
(Farerra et al., 1999).  
Currently, most high-resolution reconstructions of climate are based on tree-rings, 
which are the only visible method to provide annually-resolved, calendrically dated, well-
replicated terrestrial climate records (Linderholm et al., 2010). But still, other processes 
besides climate affect tree-growth, and this will influence the climate information derived 
from tree-ring data (Linderholm et al., 2010).  
There is a need for an independent and high-resolution paleothermometer that can 
be used to track air temperature variations. Previous studies reveal that alkenone 
unsaturation index could become an important paleotemperature proxy in the lacustrine 
environment (Zink et al., 2001; Chu et al., 2005; Sun et al., 2007; Toney et al., 2010; 
D’Andrea et al., in review; Vaillencourt and D’Andrea, unpublished data). Alkenones, 
which comprise C37-C39 polyunsaturated long-chain unsaturated methyl and ethyl 
ketones (LCA), are synthesized by a small number of haptophyte algae and are usually 
  8
assumed to be produced mainly by Emiliania huxleyi in marine systems (Boon et al., 
1978; de Leeuw et al., 1980; Volkman et al., 1980 a, b) (Figure 1.5).  
 
 
Figure 1.5 Scanning electron microscope image of E. huxleyi (Photo courtesy Dr. 
Markus Geisen). 
 
Following the observation that alkenone composition in cultures of the algae E. 
huxleyi was affected by temperature, and the unsaturation of their LCA changed with 
growth temperature in laboratory experiments (Marlowe et al, 1984), Brassell et al. 
(1986) introduced the ketone unsaturation index U37
K , which is defined as: 
]4:37[]3:37[]2:37[
]4:37[]2:37[
37 
U K   (Equation 1.1) 
where [37:2], [37:3], and [37:4] represent concentrations of di-, tri-, and tetra-unsaturated 
C37 methyl ketones (Figure 1.6 (a)). The structures of these three compounds are shown 
in Figure 1.6 (b), which have been identified as (E, E)-15, 22-heptatriacontadien-2-one, 
(E, E, E)-8, 15, 22-heptatriacontatrien-2-one, and (E, E, E, E)-8, 15, 22, 29-
heptatriatetraen-2-one (Volkman et al., 1979; de Leeuw et al., 1980). 
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(a) 
 
 
 
(b) 
 
Figure 1.6: (a) Di-, tri-, and tetra-unsaturated C37 methyl ketones (from a gas 
chromatography trace); (b) Chemical structures of the three C37 methyl ketones 
used in U37
K  (adapted from Kneeland’s M.S Thesis, 2004). 
 
According to previous studies, the tetra-unsaturated methyl ketones (C37:4) are 
usually associated with low water temperatures (Rosell-Mele et al., 1994), therefore, for 
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cases in which C37:4 is absent, the index can be simplified as (Prahl and Wakeham, 
1987): 
]3:37[]2:37[
]2:37['
37 U
K    (Equation 1.2) 
The co-variation between 18O from planktonic foraminifera and U37K '  indices 
implies that U37
K '  can be used as a paleotemperature proxy for sea surface temperatures 
(SSTs) reconstruction (Brassell et al., 1986). Furthermore, through laboratory cultures of 
E. huxleyi, Prahl and co-workers have established a temperature calibration based on the 
alkenone unsaturation index (Prahl and Wakeham, 1987; Prahl et al., 1988). This 
calibration has been applied to reconstruct SSTs from A.D. 1440 to 1940 in Santa 
Barbara Basin (Zhao et al., 2000). In addition to culturing alkenone-producing algae, 
studies of core-top sediments (Sikes et al., 1991; Rosell-Mele et al., 1995; Pelejero and 
Grimalt, 1997; Sonzogni et al., 1997a; Muller et al., 1998) and analysis of water-column 
particulates (Conte and Eglinton, 1993; Sikes and Volkman, 1993; Conte et al., 2001; 
Bentaleb et al., 2002) also demonstrate the remarkable linear correlation between U37
K  (or 
U37
K ' ) and SSTs. 
Considering their restricted sources, broad geographic distribution (Volkman et 
al., 1980a, b; Marlowe et al., 1984; Volkman et al., 1995; Conte et al., 1995a, b; Sawada 
et al., 1996), and excellent preservation properties (Eglinton et al., 2001; Sachs et al., 
2001; Sachs and Anderson, 2005; Haug et al., 2005; Zhao et al., 2006; Kienast et al., 
2006), alkenones are of great interest to the paleoclimatology and paleoceanography 
community. 
Since the first discovery of LCAs in the English Lake District (Cranwell, 1985), 
LCAs have been reported in a wide range of lakes (freshwater, alkaline, and oligotrophic 
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lakes) (Figure 1.7) and received significant attention from the terrestrial paleoclimate 
community due to the urgent need for a paleotemperature proxy for continental sites 
(Zink et al., 2001; Chu et al., 2005; D’Andrea and Huang, 2005; D’Andrea et al., 2006; 
Pearson et al., 2008). To date, core top sediments (Zink et al., 2001; Chu et al., 2005), in 
situ filtration of water from different depths (D’Andrea, et al., 2006; Toney et al., 2009), 
cultivated algae from individual lakes (Sun et al., 2007), and core sediments calibrated in 
depth with instrumental data (Vaillencourt et al., unpublished) have been employed to 
establish the alkenone-based lake temperature calibrations. These studies have 
demonstrated the promise of the unsaturation ratio of lacustrine alkenones reflecting lake 
water temperature and offering quantitative temperature reconstruction if the relationship 
between U37
K  (or U37
K ' ) and temperature can be determined.  
 
 
Figure 1.7 Map of alkenone-containing lakes. (Adapted from Theroux et al., 2010) 
 
The principal aims of this study are to establish a new independent in situ 
calibration of the alkenone thermometer in the Lofoten Islands, northwestern Norway to 
  12
allow the past and present climate of the Arctic and North Atlantic to be more accurately 
reconstructed.  
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CHAPTER 2 
STUDY AREA 
 
The Lofoten-Vesterålen archipelago (67-70º) extends far out from northeast to 
southwest into the eastern Atlantic (Figure 2.1 (a) (b)). The Lofoten Islands, Norway’s 
northwestern outpost of civilization, are separated from the mainland by Vestfjord and 
consist of seven islands. The dominant topographic character of this region is alpine with 
deeply eroded lake-filled cirques and impressive moraines, reflecting the dynamic glacial 
environment that characterized the archipelago in the past. 
 
 
(a) 
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(b) 
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(c) 
 
Figure 2.1 Lofoten Islands, Norway. (a) January SST and prevailing ocean currents; 
(b) Lofoten Archipelago; (c) Four examined lakes for this study. 
 
Though lying within the Arctic Circle, the archipelago experiences the largest 
positive temperature anomaly relative to its high latitude, in part because of the huge 
amount of heat transported northwards by the Gulf Stream and its extensions: the North 
Atlantic Current (NAC) and the Norwegian Atlantic Current (NwAC) (Figure 2.1 (a)). 
The NwAC is the northernmost extension of the Gulf Stream, a conduit of warm and 
saline water from the equator in the south to the North Atlantic and Norwegian Sea in the 
north. The NwAC splits into two branches in the eastern North Atlantic, and continues as 
the two-branch NwAC through the entire Norwegian Sea to the Arctic Ocean (Orvik and 
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Niiler, 2002) (Figure 2.1 (a)). Therefore, this archipelago is sensitive to changes in ocean 
currents and to circulation shifts associated with different modes of the North Atlantic 
circulation. Changes in the strength and or position of this water tongue drastically affect 
the Lofoten environment. Besides, climate variability over Lofoten Islands, as well as 
other North Atlantic region, has been closely associated with the North Atlantic 
Oscillation (NAO) (Visbeck et al., 2001). The NAO is defined as a see-saw of 
atmospheric mass between the Icelandic low and the Azores high, and is most dominant 
during winter due to the large north-south temperature, and hence pressure, gradients 
(Hurrell, 1995). During high NAO-index winters, westerly winds are stronger than 
normal, causing climate conditions over Norway to be warmer and wetter. During low 
index winters the westerlies are relatively weak and the influence of cold continental air 
masses increases in Norway. This relationship is especially pronounced in winter and 
early spring (Rogers, 1990).  
Today, the outer islands are bathed in waters that reach +11C in summer and +5-
6C in winter with a mean annual air temperature and precipitation of ~4C and ~1200 
mm, respectively. Winters are slightly colder in the northeastern part of Lofoten with a 
January average of -1.5C (35F), but summers are a bit warmer, with both July and 
August averages of 13C (56F). May and June are the driest months, while October has 
three times as much precipitation. Typical daytime temperature in May is 9C (48F), in 
July 15C (59F) and in September 11C (52F). Thus, for most of the lakes in this 
region, lake ice breaks up during spring and this is associated with phytoplankton 
blooms.  
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Lake sediments from this region can provide high-resolution sedimentary records 
of changes in these ocean and atmospheric circulation patterns (Balascio et al., 2011). In 
this study, we select four coastal lakes (Figure 2.1 (c)) (Table 2.1), Storvatnet, 
Heimerdalsvatnet, Vikjordvatnet and Vikvatnet, located in the Lofoten archipelago to 
assess the timing of alkenone production and to establish a new in situ calibration of the 
alkenone thermometer for paleotemperature reconstruction. They are dimictic lakes, 
which represent the most common type of thermal stratification observed in most lakes of 
cool temperature regions of the world (Wetzel, 1975). The bathymetric profiles of their 
basins were characterized using a fish-finder acoustic sounder with integrated GPS 
during our field survey in 2008 (Figure 2.2 (a) (b) (c) (d)). 
Table 2.1 Site characteristics for Storvatnet, Heimerdalsvatnet, Vikjordvatnet and 
Vikvatnet: geographical position, elevation and deepest point 
 
Site Latitude, longitude Elevation (m a.s.l) Deepest point (m) 
Storvatnet 68°03′20.04″N, 13°19′39.25″E 23 67 
Heimerdalsvatnet 68°18′13.03″N, 13°39′07.01″E 8 36 
Vikjordvatnet 68°18′37.00″N, 14°03′47.48″E 23 21.5 
Vikvatnet 68°11′48.46″N, 13°34′44.14″E 10 31 
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(a) Storvatnet 
 
 
 
(b) Heimerdalsvatnet 
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(c) Vikjordvatnet 
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(d) Vikvatnet 
 
Figure 2.2 Bathymetry of four studied lakes. (a) Storvatnet; (b) Heimerdalsvatnet; 
(c) Vikjordvatnet; (d) Vikvatnet.  
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CHAPTER 3 
METHODS 
 
3.1 Field Work 
We placed thermistors at depth, every few meters starting from the lake surface, 
and both air temperatures and lake water temperatures were recorded every 4 hours from 
late May to early September, 2009 (Figure 3.1) (Table 3.1).  
 
 
Figure 3.1 Depiction of field sampling.  
 
Table 3.1 Depths of thermistors set in lakes 
 
Lake Depth (m) 
Heimerdalsvatnet 4 8 11 14 17 20 30 
Storvatnet 1 4 7 10 13 16 27 
Vikjordvatnet 6 8 10 12 14 16 20 
Vikvatnet 4 7 10 13 17 20 25 
 
 
A Secchi disk (a circular black and white disk) was lowered slowly down in the 
water every 9 days from June 11 to July 27, 2009 to record the Secchi depth, which is 
  22
taken as a measure of the transparency of the lake water.  
Meanwhile, 5-10 L of lake water from different depth in these lakes were filtered 
for alkenone analysis every few days, using a water vacuum filtration unit with 
combusted (550°C) Whatman GF/F 0.7μm, 47mm glass filters (Table 3.1).  Two different 
kinds of sediment traps were set at the thermocline and at the bottom of the lakes to 
collect organic material (Figure 3.1). Then all of the water filter samples and sediment 
trap samples were wrapped in Al-foil and mailed immediately to the University of 
Massachusetts Amherst (UMass Amherst) Quaternary Laboratory and placed in a freezer 
(-20°C) until analysis. 
During the following fieldwork in 2010, two sediment cores, VIKV-10D-A and 
VIKV-10D-B were collected from Vikvatnet (Figure 2.2 (d), Figure 3.2). VIKV-10D-A 
core (~30cm) was sub-sampled in the field at 0.5cm interval from the top to 15.0cm and 
at 1.0cm interval below that. These 45 sediment core samples were stored in a freezer and 
then together with water column filters and sediment trap samples allowed to dry 
overnight in a -60°C Virtis freeze-drier prior to total lipid extraction. VIKV-10D-B was 
split into VIKV-10D-B1 and VIKV-10D-B2 and then stored at 4°C for future analysis.  
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Figure 3.2 Depiction of field-extruded core (VIKV-10D-A) and scanned sediment 
core (VIKV-10D-B1 and VIKV-10D-B2) with radiocarbon dates. 
 
3.2 Laboratory Work 
All of the 273 samples (water filter samples and sediment trap samples) were 
extracted by sonication three times with dichloromethane (DCM). After extraction, all 
samples were dried down under nitrogen using a Zymark Turbo Vap evaporator. Then a 
known quantity of internal standard (I.S.) (C36 n-alkane and C37 n-alkane) was added to 
the samples. The total extracts were purified through Costech quartz wool and collected 
in 4 ml vials. Finally, the clean extracts were transferred into 2 ml vials with 250L 
inserters using toluene and stored in a refrigerator at UMass Amherst, Biogeochemistry 
Laboratory prior to measurement.  
Each of the freeze-dried 45 sediment samples were homogenized and extracted 
with DCM: methanol (MeOH) (9:1, v/v) via an Accelerated Solvent Extractor ASE200 
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(Dionex) using 3 consecutive 5 minute extraction cycles at 1200 psi and 100°C. The total 
lipid extracts (TLE) were dried under nitrogen and a C36 n-alkane standard was added. 
Finally, TLE were transferred into 2 ml vials with 250L inserters by toluene for future 
analysis. 
The total lipid extracts (TLEs) were analyzed by gas chromatography with flame 
ionization detection (GC-FID). An Agilent DB-1 GC column (60 m*320 μm*0.10 μm) 
was used with the following temperature program: an initial temperature of 40°C (hold 
1min), ramp 30°C/min to 290°C (hold 1min), ramp 5°C/min to 300°C (hold 0 min) then 
2°C/min to 325°C (hold 10 min). This final GC program described here is the result of 
many permutations of GC parameters, including the switch from hydrogen as the carrier 
gas to helium (Huang et al., 2004; Toney et al., 2009). Instead of using Gas 
Chromatography-Mass Spectrometry (GC-MS) for identification, we use samples from 
Greenland as external standards (D’Andrea et al., 2006, 2007). These alkenone standards 
of known composition were run on the GC-FID as well, to enable identification of LCAs 
by comparison of retention times. Alkenones were quantified by comparison of alkenone 
peak areas with the area of the quantitative internal standard (C36 n-alkane).  
3.3 Age Model for Core VIKV-10D-A 
Plant macrofossils, mainly vegetative parts, were collected from 17.0-18.0 cm and 
29.0-30.0 cm in Core VIKV-10D-A for radiocarbon dating. Laboratory analysis was 
carried out at the Keck Carbon Cycle AMS Laboratory, University of California, Irvine. 
Two AMS (accelerator mass spectrometry) 14C dates were obtained and calibrated using 
the Fairbanks0107 calibration curve (Fairbanks et al., 2005) (Table 3.2) (Figure 3.3 (a) 
(b)). 
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Table 3.2 Two radiocarbon dates in sediment core VIKV-10D-A 
 
Core Depth (cm) Description
Fraction 
Modern 
14C  
(‰) 
14C age (BP) 
(1σ) 
Cal Age Range 
(BP) (1σ)  Notes 
VIKV-10D-A 17-18 Plant 0.9573 ± 0.0019 -42.7 ± 1.9 350 ± 20 352-460 Two distinct peaks 
VIKV-10D-A 29-30 Plant 0.8829 ± 0.0037 -117.1 ± 3.7 1000 ± 35 892-952 One distinct peak 
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(a) 
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(b) 
 
Figure 3.3 Two samples of radiocarbon age input and calendar year output. (a) Sample 
from 17-18 cm in VIKV-10D-A; (B) Sample from 29-30 cm in VIKV-10D-A.  
 
According to the calibration curve (Fairbanks et al., 2005), the radiocarbon age of 350 
BP gives two distinct possibilities of calendar year ages (352 years BP and 460 years BP) 
with equal probability (Figure 3.3 (a)). The other sample with radiocarbon age of 1000 BP 
gives one distinct peak with a mean calendar age of 922 years BP (Figure 3.3 (a)). Therefore, 
in this study, two age models are needed when reconstructing the climate variations in 
Vikvatnet. 
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Table 3.3 210Pb ages based on constant rate of supply (CRS) model and linear regression (LR) model 
 
Core Depth (cm) 
Extrapolated 
Lower Section 
Depth (cm) 
Age at Bottom of 
Extrapolated Section 
in Years (CRS Model 
Estimate) 
Age at Bottom of 
Extrapolated Section in 
Years (LR Model 
Estimate) 
VIKV-10D-A 0-0.5 0.75 10.2 11.3 
VIKV-10D-A 1-1.5 1.75 18.9 19.8 
VIKV-10D-A 2-2.5 2.75 28.6 30.4 
VIKV-10D-A 3-3.5 3.75 40.4 41.4 
VIKV-10D-A 4-4.5 4.75 56.7 56.9 
VIKV-10D-A 5-5.5 5.75 69.9 69.0 
VIKV-10D-A 6-6.5 6.75 85.5 84.6 
VIKV-10D-A 7-7.5 7.75 98.5 98.5 
VIKV-10D-A 8-8.5 8.75 108.0   
VIKV-10D-A 9-9.5 9.75 114.3   
VIKV-10D-A 10.0-10.5 11.5 131.2   
VIKV-10D-A 12.5-13.0 13.75 146.3   
VIKV-10D-A 14.5-15.0 15 155.7   
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The naturally lead isotope 210Pb is widely used to date approximately 100 years 
back in aquatic sediments and peat bogs (Appleby et al., 1979; Kotarba et al., 2002; Le 
Roux and Marshall, 2010). 210Pb has a half-life of 22.3 years, which means that after 22.3 
years, only half of the original amount is undecayed. If the sediment layers are 
undisturbed, then as the sediment ages it slowly loses its radioactivity. We can determine 
how old a sediment layer is by how much 210Pb it contains. It takes about 7 half-lives, or 
150 years for the 210Pb in a sample to reach near-zero radioactivity. To generate a high-
resolution age-depth model for VIKV-10D-A, 210Pb analyses were performed on 13 
sediment samples at Flett Research Ltd., Canada (Table 3.3). 
Over the interval of sections 1 - 8 (extrapolated depth 0 - 7.75 cm), the average 
sediment accumulation rate estimated by the Constant Rate of Supply (CRS) model, 
which is the most widely used model to determine the sediment age and accumulation 
rates (Appleby et al., 1978; Joshi and Shukla, 1991; Robbins and Herche, 1993; Sanchez-
Cabeza, et al., 1999), has been forced to exactly coincide with the linear regression 
estimate of 0.00738 g/cm2/yr (Figure 3.4). Although the CRS calculated ages are 
completed dependent upon the results of the linear regression model, the CRS model is 
considered reliable here and has the advantage of being able to provide accurate age 
predictions at the bottom of each section even though the sediment accumulation rate is 
changing with time (Figure 3.5).  In general, the analytical quality of radioisotope data 
(based upon the results of repeat analyses and blanks) is considered good. It is cautioned 
that predicted ages greater than 80 years in this core are gross approximations only. Thus, 
in this study, the age models for VIKV-10D-A were generated based on the six samples 
dated (no older than 80 years) and the other two radiocarbon dating results (Figure 3.6).  
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Figure 3.4 Profile of ages of upper 15cm layers of VIKV-10D-A. 
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Figure 3.5 Profile of mass accumulation rates for Vikvatnet. 
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(a) 
 
 
 
(b) 
 
Figure 3.6 Age models based on the results of two 14C dates and six 210Pb dates.  
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CHAPTER 4 
RESULTS 
 
4.1 Secchi Depth 
During spring turnover in these lakes, the concentration of suspended material in 
the water column increased and the Secchi depths were around 7 or 8 meters (Table 4.1). 
During summer stratification, suspended materials settled out of the water column and a 
secondary discontinuity layer formed with the increasing stability of the water. The 
Secchi depths during this time deepened to ~13m, which was the same as the thermocline 
depths of the lakes (Table 4.1).
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Table 4.1 Secchi disk readings (meters) taken in four lakes in June and July 2009 
 
Site Date Secchi Depth (m) 
Vikvatnet 6.3.2009 6.5 
Vikvatnet 6.11.2009 7 
Vikvatnet 6.19.2009 7-8 
Vikvatnet 6.26.2009 8 
Vikvatnet 7.03.2009 10 
Vikvatnet 7.11.2009 13 
Vikvatnet 7.19.2009 11 
Vikvatnet 7.26.2009 12 
   
Vikjordvatnet 6.14.2009 6-7 
Vikjordvatnet 6.28.2009 9 
Vikjordvatnet 7.13.2009 10 
Vikjordvatnet 7.27.2009 11 
   
Storvatnet 6.9.2009 7 
Storvatnet 6.16.2009 6-7 
Storvatnet 6.21.2009 5-6 
Storvatnet 6.24.2009 7-8 
Storvatnet 7.01.2009 10 
Storvatnet 7.08.2009 11.5 
Storvatnet 7.16.2009 9-10 
Storvatnet 7.24.2009 10 
   
Heimerdalsvatnet 6.8.2009 9-10 
Heimerdalsvatnet 6.15.2009 7-8 
Heimerdalsvatnet 6.22.2009 12-13 
Heimerdalsvatnet 6.29.2009 16 
Heimerdalsvatnet 7.07.2009 16 
Heimerdalsvatnet 7.15.2009 16 
Heimerdalsvatnet 7.22.2009 16 
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4.2 Air Temperature and Lake Water Temperature Records 
Air temperature and lake water temperatures from different depth were recorded 
every four hours for these lakes, from late May to mid September, 2009 (Table 3.1). 
Unfortunately, water temperatures at 1m in Vikvatnet were unavailable due to the 
malfunction of a thermistor.  
In this study, daily air temperatures and lake water temperatures were obtained by 
averaging the recorded six temperature values for each day (Figure 4.1). Contour maps of 
the lake water temperature, which were constructed based on these daily temperature 
data, illustrate the timing of spring turnover and summer stratification for these 
investigated lakes (Figure 4.2). Besides, the general thermocline depths can also be 
visualized based on these contour maps (e.g. in Heimerdalvatnet, the thermocline depth 
was ~16 m). 
 
 
(a) 
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(b) 
 
 
 
(c) 
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(d) 
 
Figure 4.1 Air temperatures and water temperatures from different depths in four 
lakes, (a) Vikvatnet, (b) Vikjordvatnet, (c) Storvatnet and (d) Heimerdalsvatnet.  
 
 
  38
 
 
(a) 
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(b) 
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(c) 
  41
 
 
(d) 
 
Figure 4.2 Depth-time diagram of isotherms of four lakes. 
 
Not surprisingly, the variation patterns of lake water temperatures of all these 4 
lakes are very similar. The temperatures of the water above their thermoclines increased 
through time, with remarkable changes at the surface layers (e.g. in Heimerdalvatnet, 
water above 8m) and moderate variations at middle layers (e.g. in Heimerdalvatnet, water 
above 16m), respectively. As for the upper layers, temperatures reached maximum values 
around mid August. The bottom water temperatures were almost constant, especially 
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after summer stratification. Several peaks were recorded in air temperature and in the 
surface water temperatures (Figure 4.1), possibly because every time air temperatures 
decreased, the lake water temperatures followed this pattern but with a few days’ delay.  
 
4.3 Alkenone Quantification  
4.3.1 Alkenone Occurrence in Vikvatnet and Storvatnet 
Based on surface sediment samples retrieved from a 2008 fieldtrip, we confirmed 
the occurrence of alkenones in all of these four lakes by GC-FID in the UMass Amherst, 
Biogeochemistry Laboratory. Thus, these lakes were identified as having good potential 
for establishing a new in situ calibration of the alkenone thermometer for 
paleotemperature reconstructions.  
After GC-FID analyses, we found concentrations of the di-, tri-, tetra-unsaturated 
C37 methyl ketones from the sediment trap samples and through the entire sediment core 
of Vikvatnet were sufficient for good quantification, while the concentrations of C38, 
C39 methyl ketones were relatively low and caution should be taken when integrating 
these peaks (Figure 4.3). Although sediment trap samples from Vikvatnet contained 
enough alkenones for quantification, the concentrations of alkenones from water filter 
samples were low and parts of them could barely be quantified. The occurrence of LCAs 
in Vikvatnet was restricted from May 30 to July 3, 2009. When summer stratification 
fully developed, alkenones were no longer present (Figure 4.4). 
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(a) 
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(b) 
  
Figure 4.3 Gas chromatography of samples from Vikvatnet and Southwestern 
Greenland. I. Sediment trap sample (Sample ID L01); II. Water filter sample 
(Sample ID L147); III. Water filter sample from Greenland for comparison 
(D’Andrea et al., 2006); IV. Sediment sample (VIKV-10D-A, 20-21 cm). 
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Figure 4.4 Sediment trap samples from Vikvatnet and alkenone occurrence (the size 
of the red dots indicate abundance) . 
 
 As for Storvatnet, both the concentrations in sediment trap and filtrate samples 
were too low to quantify, but still the occurrence of alkenones in this lake was detected. 
We attempted to condense the TLEs for the second GC-FID detection, but unfortunately, 
the trial did not produce any better results. The peaks of C37 methyl ketones were low 
and asymmetric. In the water filtrate samples, besides C37, C38, and C39 methyl ketones, 
there were a large number of other peaks around due to other organic materials from the 
water column, which has produced a noisy background chromatography hindering 
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identification of LCAs (Figure 4.3 (a)). The occurrence of long-chain alkenones in 
Storvatnet was restricted from May 30 to June 24. After summer stratification fully 
developed, alkenones were no longer detected (Figure 4.5). 
 
 
Figure 4.5 Water filter samples and sediment trap samples from Storvatnet and 
alkenone occurrence. 
 
For unknown reasons, we did not find any alkenones in either sediment trap 
samples or water filtrate samples in both Heimerdalsvatnet and Vikjordvatnet.  
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4.3.2 U37
K  Indices from Sediment Trap Samples in Vikvatnet 
Using Equation 1.1 (page 8), we have calculated U37
K  indices for quantifiable 
sediment trap samples (Table 4.2). Obviously, U37
K  indices increased gradually over our 
study period.  
Table 4.2 U37
K  indices of sediment trap samples from Vikvatnet 
 
Sample ID Depth (m) Sampling Interval UK37 
L36 28 5.30.2009-6.4.2009 -0.47 
L45 28 6.5.2009-6.11.2009 -0.42 
L37 28 6.5.2009-6.11.2009 -0.44 
L01 28 6.12.2009-6.19.2009 -0.35 
L02 28 6.12.2009-6.19.2009 -0.35 
L07 28 6.12.2009-6.19.2009 -0.39 
L22 28 6.20.2009-6.26.2009 -0.32 
L30 28 6.20.2009-6.26.2009 -0.34 
L19 28 6.27.2009-7.3.2009 -0.28 
L21 28 6.27.2009-7.3.2009 -0.31 
 
 
4.3.3 U37
K  Indices from Water Filter Samples in Vikvatnet 
Although the concentration of LCAs in water filter samples from Vikvatnet was 
lower than that in sediment trap samples, they still can be quantified. Based on Equation 
1.1, their U37
K  indices were calculated and displayed in Figure 4.6 according to when and 
where they were collected. These samples do not show any systematic increase in U37
K  
through time at individual depths, perhaps due to the minor changes in temperature and 
the low detection values, which make quantification difficult.  
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Figure 4.6 U37
K  indices of water filter samples from Vikvatnet. 
 
4.3.4 U37
K  Indices from Core VIKV-10D-A 
Alkenone unsaturation index were obtained from 45 sediment samples in 
Vikvatnet (Table 4.3), though the area of C37:2 peaks was relatively low compared to 
C37:4 and C37:3 (Figure 4.3 (b)). Concentrations of the di-, tri-, tetra-unsaturated C37 
methyl ketones were quantified according to Equation 1.1. The U37
K  values versus both 
depth and age are shown in Figure 4.7, with a maximum value (-0.22) and minimum (-
0.71) at 1.5 - 2.0 cm and 7.0-7.5 cm, respectively. The age models for this core were 
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presented in Section 3. It should be recalled that age control was sparse beyond the depth 
of 15 cm, and the age model was constructed by assuming an age of 0 year for the core-
top.  
Generally, the U37
K  values increased from -0.56 to -0.44 from 30 cm to 15 cm, 
then a remarkable drop can be identified from 15 cm to 7.5 cm layers. Following this 
decrease, a dramatic temperature recovery took place from 7.5 to the surface. Therefore, 
30 cm to 15 cm can be regarded as a more or less stable period when compared to the 
upper section.
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Table 4.3 U37
K  indices of sediment samples from VIKV-10D-A 
 
Core Depth (cm) UK37 
VIKV-10D-A 0-0.5 -0.26 
VIKV-10D-A 0.5-1.0 -0.23 
VIKV-10D-A 1.0-1.5 -0.27 
VIKV-10D-A 1.5-2.0 -0.22 
VIKV-10D-A 2.0-2.5 -0.31 
VIKV-10D-A 2.5-3.0 -0.32 
VIKV-10D-A 3.0-3.5 -0.34 
VIKV-10D-A 3.5-4.0 -0.35 
VIKV-10D-A 4.0-4.5 -0.45 
VIKV-10D-A 4.5-5.0 -0.47 
VIKV-10D-A 5.0-5.5 -0.56 
VIKV-10D-A 5.5-6.0 -0.61 
VIKV-10D-A 6.0-6.5 -0.62 
VIKV-10D-A 6.5-7.0 -0.68 
VIKV-10D-A 7.0-7.5 -0.71 
VIKV-10D-A 7.5-8.0 -0.70 
VIKV-10D-A 8.0-8.5 -0.67 
VIKV-10D-A 8.5-9.0 -0.62 
VIKV-10D-A 9.0-9.5 -0.63 
VIKV-10D-A 9.5-10.0 -0.63 
VIKV-10D-A 10.0-10.5 -0.58 
VIKV-10D-A 10.5-11.0 -0.46 
VIKV-10D-A 11.0-11.5 -0.46 
VIKV-10D-A 11.5-12.0 -0.46 
VIKV-10D-A 12-12.5*1 -0.67 
VIKV-10D-A 12.5-13.0 -0.46 
VIKV-10D-A 13-13.5*  -0.52 
VIKV-10D-A 13.5-14 -0.44 
VIKV-10D-A 14-14.5 -0.46 
VIKV-10D-A 14.5-15 -0.47 
VIKV-10D-A 15-16 -0.48 
                                                 
1 * Indicates that there are two samples collected from the same depth, which are used for 
evaluating the error of this temperature reconstruction in future. 
 
  51
Table 4.3 U37
K  indices of sediment samples from VIKV-10D-A (continued) 
 
VIKV-10D-A 16-17 -0.5 
VIKV-10D-A 17-18 -0.53 
VIKV-10D-A 18-19 -0.56 
VIKV-10D-A 19-20 -0.57 
VIKV-10D-A 20-21 -0.58 
VIKV-10D-A 21-22 -0.54 
VIKV-10D-A 22-23 -0.54 
VIKV-10D-A 23-24 -0.52 
VIKV-10D-A 24-25 -0.55 
VIKV-10D-A 25-26 -0.54 
VIKV-10D-A 26-27 -0.53 
VIKV-10D-A 27.0-28.0 -0.59 
VIKV-10D-A 28-29* -0.56 
VIKV-10D-A 29.0-30.0 -0.56 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  52
 
 
 
 
(a) 
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(b) 
 
Figure 4.7 U37
K  indices for sediment extracts from VIKV-10D-A. (a) U37
K  indices vs. 
depth; (b) U37
K  indices vs. age (based on two age models).  
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CHAPTER 5 
DISCUSSION 
 
5.1 Reconstruction of Water Temperatures at 1m for Vikvatnet 
Water temperatures of 1m are required in order to better picture the depth-time 
diagram of isotherms (°C) for Vikvatnet.  Figure 4.2 illustrates that the depth-time 
diagrams of isotherms of these four lakes are quite similar to one another; in particular, 
Vikvatnet and Storvatnet are strikingly similar to each other. Moreover, previous studies 
indicated that lake surface temperatures are highly correlated with regional air 
temperature (Livingstone and Lotter, 1998; Fukushima et al., 2000; Livingstone and 
Dokulil, 2001). Considering that both Vikvatnet and Storvatnet are within a small 
geographic area (Figure 2.1 (c)) and their air temperatures are well matched (Figure 5.1), 
we employ the linear regression:  Y=0.974X-0.753 (Y is the 4 m temperature, X is the 1 
m temperature, R2=0.988), which is based on 1 m and 4 m water temperatures from 
Storvatnet to reconstruct 1m lake water temperature for Vikvatnet (Figure 5.2). That is, 
the observed relationship between 1 and 4 m water temperatures at Storvatnet was 
applied to the 4 m observed temperatures at Vikvatnet to reconstruct 1 m water 
temperature in Vikvatnet. Complete temperature profile of Vikvatnet from late May to 
early September was reconstructed (Figure 5.3). However, Storvatnet is a substantially 
larger and deeper than Vikvatnet, this regression approach is at best an estimate. 
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(a) 
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(b) 
 
Figure 5.1 Air temperatures of Storvatnet and Vikvatnet and their linear 
relationship. (a) Air temperature records from mid June to early September; (b) 
Linear relationship between air temperatures (X represents air temperature in 
Vikvatnet, Y represents air temperature in Storvatnet). 
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(a) 
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(b) 
 
Figure 5.2 Linear regression between 1m and 4m water temperatures in Storvatnet. 
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Figure 5.3 Depth-time diagram of isotherms of Vikvatnet with 1m reconstructed 
water temperatures. 
 
5.2 The Relationship between Temperatures and Alkenone Unsaturation Index  
All the previous studies of lacustrine alkenones show the presence of C37:4 (Zink 
et al., 2001; Chu et al., 2005; Sun et al., 2007; D’Andrea et al., in review; Vaillencourt, 
unpublished), with only one exception (Toney, et al., 2009). In this study, our data also 
support the existence of C37:4 alkenones. Thus, the unsaturation indices can be 
calculated by Equation 1.1 (Table 4.2, Table 4.3). 
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During the study, we tested U37
K  values against the mean air temperatures and a 
suite of mean temperatures at different depths during the interval since previous samples 
were collected (e.g. U37
K  values vs. the mean air temperature of May 30th to June 4th) 
(Table 5.1). By examining and comparing their statistical significance of correlation 
coefficients, which by definition is a measure of the degree of linearity in the relationship 
between U37
K  and temperatures, we suggest that the best correlation lies between U37
K  and 
1-4 m average water temperatures (Temperature  33.0*U37K  22.8, R2=0.95, N=10) 
(Figure 5.4). Caution should be taken when discussing the relationship between U37
K  
values and water temperatures at 1m, because the temperature record at 1m is not based 
on real data instead, it was reconstructed by the linear regression from water temperatures 
at 4m. Not surprisingly, the coefficients of U37
K  vs. temperatures at 1m, U37
K  vs. 1-4 m 
average temperatures and U37
K  vs. temperatures at 4m are the same (R2=0.95).
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Table 5.1 U37
K  indices of sediment trap samples and temperature records during sampling intervals in Vikvatnet 
 
Sample 
ID 
Depth 
(m) 
Sampling 
Interval UK37 
Air 
Temperature 
(°C) 
1m_interpol
ated 
Temperature 
(°C) 
1 and 4 m 
average 
Temperature 
(°C) 
4m 
Temperature 
(°C) 
7m 
Temperature 
(°C) 
10m 
Temperature 
(°C) 
L36 28 5.30.2009- 6.4.2009 -0.47 7.8 7.8 7.3 6.8 6.6 7.6 
L45 28 6.5.2009- 6.11.2009 -0.42 9.3 9.1 8.6 8.1 7.0 7.7 
L37 28 6.5.2009- 6.11.2009 -0.44 9.3 9.1 8.6 8.1 7.0 7.7 
L01 28 6.12.2009- 6.19.2009 -0.35 10.0 11.2 10.6 10.1 8.4 7.8 
L02 28 6.12.2009- 6.19.2009 -0.35 10.0 11.2 10.6 10.1 8.4 7.8 
L07 28 6.12.2009- 6.19.2009 -0.39 10.0 11.2 10.6 10.1 8.4 7.8 
L22 28 6.20.2009- 6.26.2009 -0.32 11.3 12.4 11.9 11.4 10.0 8.1 
L30 28 6.20.2009- 6.26.2009 -0.34 11.3 12.4 11.9 11.4 10.0 8.1 
L19 28 6.27.2009- 7.3.2009 -0.28 13.0 14.1 13.5 13.0 10.4 8.3 
L21 28 6.27.2009- 7.3.2009 -0.31 13.0 14.1 13.5 13.0 10.4 8.3 
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(a) 
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(b) 
 
  64
 
 
(c) 
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(d) 
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(e) 
 
Figure 5.4 U37
K  of sediment trap samples from Vikvatnet vs. air temperature and 
water temperatures from different depths in Vikvatnet. (a) U37
K  vs. air temperature; 
(b) U37
K  vs. 1 m temperature; (c) U37
K  vs. 1-4 m average temperature; (d) U37
K  vs. 4 m 
temperature; (e) U37
K  vs. 7 m temperature. 
 
Considering the limitation of a cell’s adaptation to extreme temperature (Conte et 
al., 1998), previous studies in marine systems have revealed significant deviations 
between the alkenone unsaturation index and temperatures at the cold and warm ends of 
the relationship (Sikes and Volkman, 1993; Rose-Mele et al., 1995; Volkman et al., 1995; 
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Conte et al., 1998, 2001; Versteegh et al., 2001; Mercer et al., 2005). However, global 
core-top calibration shows a general linear relationship between unsaturation index and 
SSTs even at low temperatures (Muller et al., 1998). Our data suggest a linear 
relationship between U37
K  and lake water temperatures as well. 
The specific source of haptophyte algae for lake-derived LCAs has not been 
identified without phylogenetic analyses. According to a previous study in German lakes 
(Zink et al., 2001), haptophytes, the main alkenone-producers in marine systems, are 
unlikely to be the alkenone-producers in freshwater lakes. Using 18S ribosomal DNA 
(rDNA) sequence, D’Andrea et al. (2006) distinguished alkenone-producers in Greenland 
(BrayaSø haptophyte species) from marine haptophytes and from those from Ace Lake, 
Antarctica (Coolen et al., 2004). To date, three groups of haptophytes that make 
alkenones have been identified (Coolen et al., 2004; D’Andrea et al., 2006; Theroux et 
al., 2010). However, even though there are different alkenone-producing phylotypes from 
across the spatial distribution, their variations in the degree of unsaturation track 
temperature changes at similar rates. The mean slope (sensitivity) of calibrations from 
lake environments (Zink et al., 2001; Chu et al., 2005; Sun et al., 2007; Toney et al., 
2009; D’Andrea et al., in review; Vaillencourt et al., unpublished) is ~28.6. One possible 
explanation is that these species are closely related (BrayaSø haptophyte shared a 
common ancestry with marine species E. huxleyi and G. oceanic, and branched basal to 
coastal/ lacustrine species C. lamellose and I. galbana) (Theroux et al., 2010) (Figure 
5.5).  
The slope of our newly developed calibration (Slope=33.0) is strikingly similar to 
other alkenone-based temperature calibrations (Table 5.2, Figure 5.6), which indicates 
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that the temperature sensitivity of alkenone producers is almost the same, although their 
y-intercepts vary. This is further evidence that temperature is the controlling parameter of 
the unsaturation index. Despite geochemical differences among lakes in Greenland, 
Svalbard, Germany, interior America and Lofoten Islands, the results indicate that the 
alkenone-producing algae have adapted to a wide range of environmental conditions. 
Although presumed differences exist between algal species, it appears that the alkenones 
share the same biosynthetic pathways and physiological functions. Previous studies 
suggest that alkenones are metabolic storage lipids rather than regulators of membrane 
rigidity and fluidity (Epstein et al., 2001; Prahl et al., 2003; Sawada and Shiraiwa 2004).  
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Figure 5.5 consensus Bayesian phylogenetic tree depicting 18s rRNA gene-inferred 
relationships among haptophyte algae. (Adapted from Theroux et al., 2010) 
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Table 5.2 Temperature calibrations based on alkenone unsaturation index from previous studies 
 
Study Site Slope Number of Samples R
2 
Zink et al., 2001 Germany 32.0 9 0.68 
Toney et al., 2010 Interior United States 36.8 25 0.74 
D'Adrea et al., in 
review West Greenland 33.4 25 0.92 
This study Northwestern Norway 33.0 10 0.95 
Vaillencourt et al., 
unpublished Svalbard, Norway 20.5 15 0.57 
Sun et al., 2007 
Culture experiment 
(Algae collected and isolated from 
Inner Mongolia, China) 
26.1 14 0.98 
Chu et al., 2005 China 23.0 40 0.80 
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Figure 5.6 Compiled temperature calibrations based on alkenone unsaturation 
index. 
 
5.3 Environmental Influences on the Occurrence of LCAs  
The primary factors which control the occurrence of alkenones and their 
distributions are still under debate. Previous studies indicate that alkenones were found in 
certain saline lakes (Chu et al., 2005; D’Andrea and Huang, 2005; Liu et al., 2006; 
Pearson et al., 2008; Toney, et al., 2009) but alkenones were also identified in freshwater 
lakes in Germany (Zink et al., 2001). In agreement with the observation of Zink and co-
workers, our data suggest alkenones are present in high latitude freshwater lakes in 
Norway. Therefore, the occurrence of alkenones in various lakes sheds light on the 
applicability of alkenones as a paleothermometer in lacustrine systems. 
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So far, no explanation can be given of the absence of alkenones in both water 
filter samples and sediment trap samples from Vikjordvatnet and Heimerdalsvatnet from 
2009, even though alkenones were detected in surface sediment samples in 2008. 
However, this scenario is not unique. Zink et al. (2001) found alkenones in a Younger 
Dryas section of the Brush Lake sediment core and low concentrations in modern 
sediments (ca. 2001).  
Due to the small size of alkenone-producing algae, Zink and co-workers failed to 
identify these algae in German lakes (Zink et al., 2001). But they found that alkenones 
were restricted to the zone of maximum chlorophyll concentration within the water 
column, which is in concordance with recent studies by D’Andrea (unpublished data) and 
Toney et al. (2009). These observations suggest that LCAs have a biosynthetic origin, 
and can derive from phototrophic algae. Therefore light would play an important role in 
the occurrence of alkenone-producing algae. When penetrating into water, the quality and 
quantity of light energy disperses. The light intensity or irradiance, IZ, is a function of 
intensity at the surface (I0) to the log base of the negative extinction coefficient (η) at the 
depth distance, z, in meter:  
Iz  I 0 * ez , or (ln I0  ln Iz) z  (Equation 5.1) 
This relationship is based on the percentage of transmission of monochromatic 
light through given depths of pure water. However, sunlight is not monochromatic in 
nature, instead, it is a combination of all the wavelengths of light (400 to 900 nm) 
penetrating into water column. Moreover, lake water is far from pure. Usually, the total 
extinction coefficient (ηt) includes three components, the water itself, the particles 
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suspended in water and the dissolved color (Aberg and Rodhe, 1942). According to 
Equation 5.1, the total extinction coefficient (ηt) can be computed directly from:  
t  (ln I0  ln IZ)
Z
 (Equation 5.2) 
In our study, we take I0 as 100%, and IZ at the euphotic zone as 1%, so the value 
of ln(I0)-ln(IZ) is 4.6. The Secchi depths are list in Table 4.1. Based on the relationship 
between euphotic depths and Secchi depths: Zeu  2 * Zsd  (Preisendorfer, 1986), ηt values 
for the given dates can be obtained by using t  4.6
Z
 (Table 5.3). Therefore, light 
intensity (IZ) at any given depth can be calculated according to Equation 5.1. Weighted 
temperatures (Table 5.4) are further calculated based on: 
Weighted _Temperature 
(Ti T ( i  1))
2
* Si
i
n
Si
i
n
 (Equation 5.3) 
Where Ti represents lake water temperature at i m, with i=0 representing air 
temperatures; Si represents the accumulated light intensity area from i to i+1 meter in 
depth (Figure 5.7) (Table 5.3).
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Table 5.3 Secchi depth, euphotic depth, total extinction coefficient and the accumulated light intensity area in Vikvatnet 
 
Date 
Secchi 
Depth 
(m) 
Euphotic 
Depth (m) 
Total 
extinction 
coefficient 
(ηt) 
Area of  
0-4m 
Area of  
4-7m 
Area of  
7-10m 
Area of 
10-13m 
Area of 
13-14m 
Area of 
17-20m 
Sum of 
area 
6.04.2009 7 14 0.33 73.9 17 6.3 2.4 0.4  100 
6.11.2009 7 14 0.33 73.9 17 6.3 2.4 0.4  100 
6.19.2009 7 14 0.33 73.9 17 6.3 2.4 0.4  100 
6.26.2009 8 16 0.29 69 18.5 7.8 3.3 1.4  100 
7.03.2009 10 20 0.23 60.8 20.1 10.1 5 3.1 1 100 
 
 
Table 5.4 Calculated weighted temperatures in Vikvatnet 
 
Time Interval Weighted Temperature (°C) 
5.30.2009-6.4.2009 7.17 
6.5.2009-6.11.2009 8.28 
6.12.2009-6.19.2009 10.16 
6/20/2009-6/26/2009 9.40 
6.27.2009-7.3.2009 8.58 
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Figure 5.7 Depiction of parameters for weighted temperature calculation. 
 
The U37
K  values of the sediment trap samples were regressed against weighted 
temperatures (Figure 5.8 black line). The low coefficient of determination (R2=0.22) 
indicates that no significant correlation existed between these two parameters through the 
whole study period. However, a further look into Figure 5.8 (black line) reveals that from 
May 30th to June 19th, a linear regression between U37
K  and weighted temperatures exists 
(Figure 5.8 red line). The high coefficient of determination (R2=0.92) suggests that lake 
water temperatures controlled the U37
K  values at the beginning of ice-off light intensity, 
and rejects our hypothesis that light intensity variations had any impact on the increasing 
U37
K  values.  
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Figure 5.8 Linear regressions between U37
K  and weighted temperature. Black line is 
based on 10 sediment trap samples collected from May 30th to July 3rd; Red line is 
based on 6 sediment trap samples collected from May 30th to June 19th. 
 
Considering the occurrence pattern of alkenones through May 30th to June 19th 
(Figure 4.4 and 4.5), it is likely that the algal bloom was triggered by increasing light but 
the main cause was generally high nutrient level during spring turnover (Holen, 1999; 
Toney et al., 2009). Due to summer stratification, nutrient availability appeared to be the 
limited parameter, which caused the diminution of alkenones concentration in the water 
column (Figure 4.4 and 4.5). Our study suggests that during ice-cover intervals, these 
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alkenone-producers may have a winter resting stage (Billard, 1994; Toney et al., 2009) 
and algae blooms are triggered by certain critical environmental factors such as light and 
nutrients. To distinguish the main environmental factor, further study is needed to 
investigate whether there are LCAs being produced during fall turnover in Vikvatnet and 
Storvatnet. 
 
5.4 Employing the Newly Developed in situ Temperature Calibration to Reconstruct 
Water Temperatures at Different Depths 
All of the alkenones in water column filter samples contain C37:4 and their 
unsaturation indices were calculated by Equation 1.1. Surprisingly, though collected at 
the sample time intervals, the U37
K  values from water filter samples are constantly higher 
than those from the bottom sediment trap samples (Figure 4.6).  
The new in situ temperature calibration (Temperature  33.0*U37K  22.8, 
R2=0.95, N=10) is employed to reconstruct the water temperatures (Figure 5.9). All of the 
reconstructed temperatures are several degrees higher than the recorded lake water 
temperatures. As described in Chapter 4.3.3, these samples do not show any systematic 
changes in reconstructed temperatures through time at individual depth. The 
reconstruction temperatures such as 18.5°C, 21.8°C, and 23.1°C do not reflect water 
temperatures at their collected depths, and are higher than observed temperatures at any 
depths. One possible explanation for this discrepancy is that the low concentration of 
alkenones leads to a higher integrated area of C37:2 in the chromatographic spectrum of 
filter samples (D’Andrea, unpublished data), which, according to Equation 1.1, produces 
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higher U37
K  values. Thus, the filter samples may be too small to produce meaningful 
temperature proxy of water temperatures. 
 
 
Figure 5.9 Water temperature reconstructed by in situ calibration in Vikvatnet. 
 
5.5 Regional Climate Variations over the Last Millennium based on U37
K  Record 
from Core VIKV-10D-A 
In this study, a multi-decadal U37
K  record over almost the last millennium was 
reconstructed at Vikvatnet, Northwestern Norway (Figure 4.7 (b)). According to our 
investigation (Figure 4.4), the alkenone growth response mainly reflects May-June lake 
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surface water temperatures (LSWT). Based on our new in situ temperature calibration 
( Temperature  33.0*U37K  22.8, R2=0.95, N=10), a high-resolution lake surface 
temperature record with 95% confidence limits was derived (Figure 5.10 (a)), which 
reveals four major phases. Due to different age models, the timings of these phases are 
different for decades. From ~AD 1000-1500, the LSWT was relatively constant with a 
mean temperature of 4.6°C, though NH temperature reconstruction suggests a long-term 
cooling trend prior to industrialization (T= -0.02°C/ century) (Mann et al., 1999). By 
contrast, for the time interval AD 1500-1680 (or AD 1500-1730), the LSWT was 
characterized by a prominent increase from ~4.6°C to ~8.3°C. From AD 1680 (or AD 
1730), LSWT dropped suddenly, culminating in ~AD 1860 (or AD 1900) at -1.6°C 
(below 0°C). However, this reconstructed temperature should be taken with caution. 
Considering the error of our temperature reconstruction, it is likely that the minimum 
LSWT was lower than 1.4°C. This severe cooling lasted more than 100 years. Following 
by this pronounced temperature depression, temperature recovered at unusual rate. In 
agreement with the warm hemispheric conditions, this warm condition has prevailed 
since ~1870s (or ~1900s) with maximum appearing at 21th century (Figure 5.10 (a)). 
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(a) 
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(b) 
 
Figure 5.10 Reconstruction of lake surface temperature (LST) over the past 
millennium in Vikvatnet and comparison with other reconstructions. (a) LST 
reconstructions, each with 95% confidence limits (grey), based on in situ 
temperature calibration (Blue and pink curves were reconstructed based on Age 
Model_First and Age Model_Second, respectively) and Millennial Northern 
Hemisphere (NH) temperature reconstruction from AD 1000 to 1980 (Mann et al., 
1999); (b) Three tree-ring reconstructions at the coast of north Norway (Kirchhefer 
et al., 2001). 
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The Little Ice Age (LIA) was a period of cooling that occurred after the Medieval 
Warm Period (Moss, 1951; Porter and Denton, 1967; Grove, 1988). It is difficult to 
define either the start or end dates of this period since there were regional variations to 
this cooling episode (Grove, 2001). Traditionally, AD1550-1850 has been applied for the 
duration of the LIA though there is evidence for early cooling in the 13th century (Jones 
and Bradley, 1992). Glacier extent is directly related to changes in climate in many areas. 
Glacier front variations and temperature records from Scandinavia indicate that the LIA 
lasted until ~AD 1920 (Nesje and Dahl, 2003). Correspondingly, a period of strong 
temperature decreasing from ~AD 1800-1900 at the northwestern Norwegian coast fits 
well into the period of lowest “LIA” temperatures as proposed for the Northern 
Hemisphere, AD 1570-1730 (Bradley and Jones, 1993). This LSWT depression is likely 
related to circulation anomalies in this region, possibly involving a shift in the mode of 
the North Atlantic or Arctic Oscillation. 
The large tracts of boreal forest make northwestern coastal Norway well suited for 
the development of tree-ring chronologies that extend back several centuries (Kirchhefer 
et al., 2001). Three tree-ring chronologies from Scots pine, which reflect July-August-
temperature, were constructed at the coast of north Norway between the Lofoten-
Vesteralen archipelago and Tromso (Kirchhefer et al., 2001) (Table 5.5) (Figure 5.11). 
Comparison with the other two reconstructions, at the northernmost site, Vikran, the 
response was more confined to July temperature, the reconstruction reflects a stronger 
tree-ring and climate signal (Kirchhefer et al., 2001). Generally, our LSWT 
reconstruction follows the similar trend to temperature reconstruction from Vikran from 
AD 1700-1990 with a remarkable temperature increase following by a pronounced 
  83
temperature decrease from ~AD 1700-1900, though these two records were reconstructed 
on different timescales (Figure 5.10 (b)). Considering that Vikvatnet and Vikran are close 
to each other, not surprisingly, the timing of LSWT (based on Age Model_Second) 
transition from the previous cooling is similar to tree-ring temperature reconstruction 
from Vikran. In contrast to tree-ring-temperature records, LSWT record displays an 
extraordinary long period of extremely fast increasing temperature after the recovery 
from the minimum temperature over the last millennium. Since ~AD 1950s, LSWT has 
exceeded the previous warm condition during the past millennium, which culminated at ~ 
AD 1680 (or AD 1730). It is interesting to note that the onset of this unprecedented 
regional warmth agrees well with that of an increase in NH-mean surface temperatures 
(Figure 5.10 (a)). 
Table 5.5 Site characteristics for Vikran, Stonglandseidet and Forfjorddalen: 
geographical position, elevation and sampling area 
 
Site Latitude, longitude Elevation  (m a.s.l.) 
Sampling area 
(km×km) 
Vikran 69°32′N, 18°44′E 80-120 1.5×0.5 
Stonglandseidet 69°05′N, 17°13′E 80-210 0.5×0.2 
Forfjorddalen 68°48′N, 15°44′E 50-170 1.0×0.2 
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Figure 5.11 Map of four examined lakes and tree-ring records from the coast of 
north Norway. Red bulbs are Storvatnet, Heimerdalsvatnet, Vikjordvatnet and 
Vikvatnet; Green bulbs are Vikran, Stonglandseidet and Forfjorddalen.  
 
As described in Chapter 2, Lofoten Islands are sensitive to changes in ocean 
currents (e.g. NwAC) and to circulation shifts. Besides, this regional climate variability 
has been closely associated with NAO (Visbeck et al., 2001). In this context, the 
unprecedented LWST warmth may be attributed to circulation anomalies in this region. 
However, instrumental data of direct flow measurements (including temperature and 
velocity) of NwAC along Norwegian coast are only available since 1995 (Orvik and 
Skagseth, 2005). This observation shows an extraordinary temperature increase of 1°C 
from 1995-2005, in the core of the NwAC, west of Stad (62°N, 5°E) (Orvik and 
Skagseth, 2005). A future challenge will be to reveal how the pattern of the NwAC 
temperatures fluctuated during the past, particularly over the last century, from proxy 
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indicators. Hence, it is beyond our scope to tease apart the contribution from different 
components for the LSWT warming since ~1870s (or ~1900s). 
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CHAPTER 6 
CONCLUSIONS 
 
This study has shown that alkenones in the sediments of Storvatnet and Vikvatnet 
reflect biological production and water temperatures during lake mixing in late May to 
early June.  
Sediment trap samples combined with water temperature measurements in 
Vikvatnet yield the following in situ calibration of the alkenone thermometer with water 
temperature at 1-4 m depth: Tempeature  33.0*U37K  22.8  (N=10; R2=0.95). 
Additionally, this calibration reveals that U37
K  sensitivity to temperature (regression slope) 
is very similar to previous lake calibrations, and can be used to quantify lake water 
temperature variability during the Holocene.  
On the basis of this calibration, this study has provided the first lake surface water 
temperature proxy record on a multi-decadal scale over the past millennium in this 
climatically sensitive region, Lofoten Islands, Arctic Norway. Temperature record from 
Vikvatnet reveals a high variability of lake surface temperatures over the past 1,000 
years. Following a relatively constant temperature from ~1000-1500, lake surface water 
temperature suddenly increased, culminating at ~1680s or ~1730s based on different age 
models. Afterwards, lake surface temperature dropped rapidly and reached the minimum 
value of the last millennium at ~1870s or ~1900s. The alkenone evidence for this cooling 
at Vikvatnet is consistent with a very cold climate between 1560 and 1850, which 
prevailed in Western Europe, and brought dire consequences to its people. The lake 
surface water temperature has increased unprecedentedly since ~1870s or ~1900s. In 
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particular, lake water temperature in the past few decades is the warmest over at least the 
past millennium. This exceptional warmth reveals a high degree of correspondence with 
Northern Hemisphere surface temperatures.  
In conclusion, this study provides a novel proxy indicator to assess the lake surface 
temperature variations over the Holocene in Lofoten Islands. Reconstructed temperature 
over the last millennium provides additional data and perspectives for research on past 
atmospheric circulation patterns and North Atlantic sea surface temperatures. 
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APPENDIX 
THE TABLES 
Table A.1 Water filter samples from Storvatnet 
 
Sample ID Sites Collected Date Depth (m) 
Water 
Volume (L) 
144 Storvatnet 6.9.2009 20 10 
145 Storvatnet 6.9.2009 10 10 
146 Storvatnet 6.9.2009 5 10 
139 Storvatnet 6.16.2009 10 10 
140 Storvatnet 6.16.2009 25 10 
141 Storvatnet 6.16.2009 15 10 
142 Storvatnet 6.16.2009 3 10 
143 Storvatnet 6.16.2009 7 10 
104 Storvatnet 6.24.2009 18 10 
105 Storvatnet 6.24.2009 13 10 
106 Storvatnet 6.24.2009 11 10 
107 Storvatnet 6.24.2009 9 10 
108 Storvatnet 6.24.2009 7 10 
109 Storvatnet 6.24.2009 3 5 
121 Storvatnet 7.1.2009 18 10 
122 Storvatnet 7.1.2009 13 10 
123 Storvatnet 7.1.2009 11 10 
124 Storvatnet 7.1.2009 10 10 
125 Storvatnet 7.1.2009 9 10 
126 Storvatnet 7.1.2009 7 10 
127 Storvatnet 7.1.2009 3 10 
199 Storvatnet 7.8.2009 3 5 
231 Storvatnet 7.8.2009 30 5 
232 Storvatnet 7.8.2009 14 5 
233 Storvatnet 7.8.2009 13 5 
234 Storvatnet 7.8.2009 12 5 
235 Storvatnet 7.8.2009 11 5 
236 Storvatnet 7.8.2009 10 5 
237 Storvatnet 7.8.2009 9 5 
191 Storvatnet 7.16.2009 12 10 
192 Storvatnet 7.16.2009 11 10 
193 Storvatnet 7.16.2009 9 10 
194 Storvatnet 7.16.2009 10 10 
195 Storvatnet 7.16.2009 14 10 
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Table A.1 Water filter samples from Storvatnet (continued) 
 
Sample ID Sites Collected Date Depth (m) 
Water 
Volume (L) 
196 Storvatnet 7.16.2009 13 10 
197 Storvatnet 7.16.2009 30 10 
198 Storvatnet 7.16.2009 3 10 
238 Storvatnet 7.24.2009 30 10 
239 Storvatnet 7.24.2009 14 10 
240 Storvatnet 7.24.2009 13 10 
241 Storvatnet 7.24.2009 12 10 
242 Storvatnet 7.24.2009 11 10 
243 Storvatnet 7.24.2009 10 10 
244 Storvatnet 7.24.2009 9 10 
245 Storvatnet 7.24.2009 3 10 
271 Storvatnet 9.12.2009 10 8 
272 Storvatnet 9.12.2009 15 9 
273 Storvatnet 9.12.2009 5 9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  90
Table A.2 Water filter samples from Heimerdalsvatnet 
 
Sample ID Sites Collected Date Depth (m) 
Water 
Volume (L) 
158 Heimerdalsvatnet 6.8.2009 15 10 
159 Heimerdalsvatnet 6.8.2009 10 10 
163 Heimerdalsvatnet 6.8.2009 5 8 
160 Heimerdalsvatnet 6.15.2009 15 10 
161 Heimerdalsvatnet 6.15.2009 10 10 
162 Heimerdalsvatnet 6.15.2009 5 10 
110 Heimerdalsvatnet 6.22.2009 5 10 
111 Heimerdalsvatnet 6.22.2009 10 10 
112 Heimerdalsvatnet 6.22.2009 15 10 
113 Heimerdalsvatnet 6.22.2009 25 10 
114 Heimerdalsvatnet 6.22.2009 30 10 
128 Heimerdalsvatnet 6.29.2009 3 10 
129 Heimerdalsvatnet 6.29.2009 5 10 
130 Heimerdalsvatnet 6.29.2009 10 10 
131 Heimerdalsvatnet 6.29.2009 13 10 
132 Heimerdalsvatnet 6.29.2009 15 7 
133 Heimerdalsvatnet 6.29.2009 20 10 
134 Heimerdalsvatnet 6.29.2009 25 10 
246 Heimerdalsvatnet 7.7.2009 25 5 
247 Heimerdalsvatnet 7.7.2009 20 5 
248 Heimerdalsvatnet 7.7.2009 18 5 
249 Heimerdalsvatnet 7.7.2009 16 5 
250 Heimerdalsvatnet 7.7.2009 14 5 
251 Heimerdalsvatnet 7.7.2009 12 5 
252 Heimerdalsvatnet 7.7.2009 10 5 
261 Heimerdalsvatnet 7.7.2009 3 5 
202 Heimerdalsvatnet 7.15.2009 16 10 
203 Heimerdalsvatnet 7.15.2009 18 10 
204 Heimerdalsvatnet 7.15.2009 20 10 
205 Heimerdalsvatnet 7.15.2009 25 10 
206 Heimerdalsvatnet 7.15.2009 14 10 
207 Heimerdalsvatnet 7.15.2009 12 10 
208 Heimerdalsvatnet 7.15.2009 10 10 
209 Heimerdalsvatnet 7.15.2009 3 10 
253 Heimerdalsvatnet 7.22.2009 10 10 
254 Heimerdalsvatnet 7.22.2009 3 10 
255 Heimerdalsvatnet 7.22.2009 25 10 
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Table A.2 Water filter samples from Heimerdalsvatnet (continued) 
 
Sample ID Sites Collected Date Depth (m) 
Water 
Volume (L) 
256 Heimerdalsvatnet 7.22.2009 20 10 
257 Heimerdalsvatnet 7.22.2009 18 10 
258 Heimerdalsvatnet 7.22.2009 15 10 
259 Heimerdalsvatnet 7.22.2009 14 10 
260 Heimerdalsvatnet 7.22.2009 12 10 
262 Heimerdalsvatnet 9.11.2009 15 9 
263 Heimerdalsvatnet 9.11.2009 5 9 
264 Heimerdalsvatnet 9.11.2009 10 9 
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Table A.3 Water filter samples from Vikjordvatnet 
 
Sample ID Sites Collected Date Depth (m) 
Water 
Volume (L) 
167 Vikjordvatnet 6.6.2009 15 10 
168 Vikjordvatnet 6.6.2009 10 8.5 
169 Vikjordvatnet 6.6.2009 5 8 
164 Vikjordvatnet 6.14.2009 10 10 
165 Vikjordvatnet 6.14.2009 5 9.5 
166 Vikjordvatnet 6.14.2009 12 10 
99 Vikjordvatnet 6.21.2009 18 10 
100 Vikjordvatnet 6.21.2009 15 10 
101 Vikjordvatnet 6.21.2009 12 10 
102 Vikjordvatnet 6.21.2009 8 10 
103 Vikjordvatnet 6.21.2009 5 10 
115 Vikjordvatnet 6.26.2009 18 10 
116 Vikjordvatnet 6.28.2009 15 10 
117 Vikjordvatnet 6.28.2009 12 10 
118 Vikjordvatnet 6.28.2009 9 10 
119 Vikjordvatnet 6.28.2009 6 10 
120 Vikjordvatnet 6.28.2009 3 10 
221 Vikjordvatnet 7.13.2009 11 5 
222 Vikjordvatnet 7.13.2009 8 5 
223 Vikjordvatnet 7.13.2009 10 5 
224 Vikjordvatnet 7.13.2009 3 5 
225 Vikjordvatnet 7.13.2009 18 5 
226 Vikjordvatnet 7.13.2009 16 5 
227 Vikjordvatnet 7.13.2009 14 5 
228 Vikjordvatnet 7.13.2009 12 5 
187 Vikjordvatnet 7.28.2009 18 10 
188 Vikjordvatnet 7.28.2009 16 10 
189 Vikjordvatnet 7.28.2009 14 10 
190 Vikjordvatnet 7.28.2009 12 10 
200 Vikjordvatnet 7.28.2009 8 10 
201 Vikjordvatnet 7.28.2009 3 10 
229 Vikjordvatnet 7.28.2009 11 10 
230 Vikjordvatnet 7.28.2009 10 10 
265 Vikjordvatnet 9.13.2009 10 9 
266 Vikjordvatnet 9.13.2009 5 9 
267 Vikjordvatnet 9.13.2009 15 9 
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Table A.4 Water filter samples from Vikvatnet 
 
Sample ID Sites Collected Date Depth (m) 
Water 
Volume (L) 
153 Vikvatnet 6.11.2009 25 10 
154 Vikvatnet 6.11.2009 17 10 
155 Vikvatnet 6.11.2009 15 10 
156 Vikvatnet 6.11.2009 10 10 
157 Vikvatnet 6.11.2009 5 10 
147 Vikvatnet 6.19.2009 10 10 
148 Vikvatnet 6.19.2009 9 10 
149 Vikvatnet 6.19.2009 8 10 
151 Vikvatnet 6.19.2009 5 10 
152 Vikvatnet 6.19.2009 15 10 
93 Vikvatnet 6.26.2009 13 10 
94 Vikvatnet 6.26.2009 11 10 
95 Vikvatnet 6.26.2009 9 10 
96 Vikvatnet 6.26.2009 5 10 
97 Vikvatnet 6.26.2009 7 10 
98 Vikvatnet 6.26.2009 2 10 
150 Vikvatnet 6.26.2009 25 10 
135 Vikvatnet 7.3.2009 20 5 
136 Vikvatnet 7.3.2009 12 5 
137 Vikvatnet 7.3.2009 3 5 
138 Vikvatnet 7.3.2009 11 5 
183 Vikvatnet 7.3.2009 8 5 
184 Vikvatnet 7.3.2009 9 5 
185 Vikvatnet 7.3.2009 7 5 
186 Vikvatnet 7.3.2009 10 5 
210 Vikvatnet 7.11.2009 11 5 
211 Vikvatnet 7.11.2009 12 5 
212 Vikvatnet 7.11.2009 20 5 
213 Vikvatnet 7.11.2009 7 5 
214 Vikvatnet 7.11.2009 8 5 
215 Vikvatnet 7.11.2009 9 5 
216 Vikvatnet 7.11.2009 10 5 
217 Vikvatnet 7.11.2009 3 5 
174 Vikvatnet 7.19.2009 8 10 
175 Vikvatnet 7.19.2009 7 10 
176 Vikvatnet 7.19.2009 3 10 
178 Vikvatnet 7.19.2009 10 10 
179 Vikvatnet 7.19.2009 9 10 
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Table A.4 Water filter samples from Vikvatnet (continued) 
 
Sample ID Sites Collected Date Depth (m) 
Water 
Volume (L) 
180 Vikvatnet 7.19.2009 11 10 
181 Vikvatnet 7.19.2009 12 10 
182 Vikvatnet 7.19.2009 20 10 
170 Vikvatnet 7.27.2009 9 10 
171 Vikvatnet 7.27.2009 10 10 
172 Vikvatnet 7.27.2009 11 10 
173 Vikvatnet 7.27.2009 12 9.5 
177 Vikvatnet 7.27.2009 20 10 
218 Vikvatnet 7.27.2009 8 10 
219 Vikvatnet 7.27.2009 7 10 
220 Vikvatnet 7.27.2009 3 10 
268 Vikvatnet 9.10.2009 15 9 
269 Vikvatnet 9.10.2009 10 9 
270 Vikvatnet 9.10.2009 5 9 
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